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cascade. The main force driving speciation of the Lb species is the ability to evade the sera of 218 different groups of mammals, birds, or reptiles (Kurtenbach et al., 2002) burgdorferi-infected tick salivary glands during the engorgement of I. scapularis (Ramamoorthi et 226 al., 2015) . Other proteins, Salp20 and Salp25D, have been identified in other species of Ixodes 227 (Tyson et al., 2007) . This family of proteins has now been described in several tick genera as 228 blocking the activation of host alternative complement pathway and preventing the formation of 229 reactive oxygen species (Das et al., 2001 ). The selective binding ospC-salp15 must be regarded as 230 the exploitation of existing tick immunosuppressive mechanisms by the borreliae. The bacteria also 231 take indirect advantage of tick salivary proteins other than salp15 that inhibit complement activation 232 at the tick bite site; see the following comprehensive studies for an overview (Couvreur et After entry into a competent vertebrate, persistent infection must be established by evading the 236 immune system through an antigenic variability. In Rf species, this step is accomplished mainly by 237 the variable major proteins (Vmp). These Vmps occur in two size classes: the variable large 238 proteins (Vlps) and the variable small proteins (Vsps). As reported by Schwan and Piesman (2002) , 239 a single cell of Borrelia hermsii can give rise to 30 antigenic variants, each of which expresses a 240 unique Vmp that confers a specific serotype (Barbour and Restrepo, 2000; Stoenner et al., 1982) . 241
One interesting finding is that both Rf and Lb species share a similar mechanism: the Vsp33 of The data presented suggest a scenario for the evolution of Borrelia. Available findings support the 251 conclusion that Borrelia is a relative of other spirochetes associated with Arthropoda (i.e., Gupta et 252 al., 2013). Our arguments for the probable evolution of Borrelia spp. are as follows: (i) borreliae are 253 associated with the primitive stock of ticks before the Argasidae-Ixodidae split; (ii) Rf species are 254 the most primitive and remained mainly associated with argasid ticks after the Argasidae-Ixodidae 255 split; (iii) Lb species derived from the primitive Rf group after the split of the prostriate group of 256 ticks (Ixodidae) before the complete separation of land masses; and (iv) the evolution of the Lb 257 species results from its association with the Ixodes ricinus group and the interactions with their 258 vertebrate. 259
The evolution of ticks and its role in the speciation of primitive Borrelia 260
We adhere to Mans et al. (2016) as the most robust phylogenetic reconstruction of tick evolution. by Ornithodoros hermsi, and B. duttonni transmitted by O. moubata, in which the vertical 285 transmission is rare (Schwan and Piesman, 2002 only in Lb species. It is more parsimonious to consider that the borreliae were associated with ticks 293 before its split than to consider two different events of association, one for the Rf group and another 294 for the Lb group. This hypothesis also is supported by the fact that a few species of the Rf group are 295 associated with ixodid ticks. The ospA-ospB proteins should be present in the primitive Lb stock, 296 before the speciation of the primitive Ixodes, because now they appear in every Lb species 297 independently of the species of vector. 
The adaptation of Borrelia to vertebrates 331
It has been acknowledged that the transmission rates of extant borreliae to the eggs of the ticks are 332 very low, in the species in which it has been observed. These low rates would impair the persistence 333 of the bacteria in foci in consecutive generations of ticks if they were the only mechanism of 334 circulation (Tsao, 2009 ). We consider that the primitive Borrelia, or an extinct ancestor, managed to 335 reach the salivary gland of the tick and then passed into the feeding lesion in a vertebrate. The 336 circulation of the pathogen can be amplified by the non-systemic, or co-feeding transmission, 337 representing a potential route by which infected ticks may infect naïve ticks (Randolph et al., 1996 ; 338 Tsao, 2009) by recently deposited borreliae into the feeding lesion by an infected tick infecting 339 another closely or subsequently feeding tick. The relative importance of the co-feeding transmission 340
in the presence of systemic transmission in nature is unknown (Piesman and Happ, 2001) . 341
Ticks of the family Argasidae are burrow dwellers, and there is no reason to believe that this 342 behaviour was not present in the stock of primitive ticks (Mans et al., 2012 ). This factor is of 343 special importance because the use of burrowing animals as hosts constitutes a relatively secure 344 source of food for ticks living in the shelter. However, the population of argasid ticks in a burrow 345 commonly consists of only a few dozen specimens at different stages (Vial et vector status of most of these secondary tick species has never been studied, but they are strongly 454 16 linked to the main stream of vertebrates circulating different species of Borrelia. Therefore, the 455 secondary ticks, which could be considered "specialists", tend to associate with generalist ticks, 456 outlining a nested pattern of interactions. 457
We also approached the evolution of Borrelia through a phylogenetic analysis. We used 458 phylogenetic trees of both ticks and vertebrates to calculate the Faith's phylogenetic distance (PD; 459
Faith, 1992) of the partners on which each species of Borrelia has been recorded, summarized in 460 Because several species of ticks can circulate the borreliae, the genetic variability of the 535 bacteria reflects this adaptation to the "tick environment", wiping the strains that do not fit 536 in a particular combination of tick+environment. 537 538
Conclusions 539
The bacteria of the genus Borrelia have a dual life cycle involving a tick vector and a vertebrate. 540 Different evolutionary pressures have forced a strict dependence on both partners for the survival of 541
Borrelia. These pressures drive the evolution of two groups of Borrelia, the Rf, transmitted by both 542 argasid and ixodid ticks, and the Lb, circulated exclusively by ixodid ticks. To outline the probable 543 evolution of Borrelia, we aimed to reconcile the molecular data available for Borrelia with the 544 existing estimations of the evolution of ticks, geological land movements, and ecological 545 relationships between ticks and vertebrates. 546
Available data suggest that the association of Borrelia with ticks is a very old one. The Rf species 547 are the most ancient, probably evolving from tick symbionts, originally associated with the 548 primitive pool of ticks. After the Argasidae-Ixodidae split occurring about 230-290 Mya, the 549 restricted niche of Argasidae promoted the evolution of the Rf species associated with one species 550 of tick and a few vertebrates. A few species remained associated to Ixodidae, circulating in a 551 completely different ecological scenario. No Lb species are known to be transmitted by Argasidae; 552 therefore, Lb species evolved after the split of the genus Ixodes. 
